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Advancements in microprocessors and other high power electronics have resulted in 
increased heat dissipation from those devices. In addition, to reduce cost, the functionality 
of microprocessor per unit area had been increasing. The increase in functionality 
accompanied by reduction in chip size had caused its thermal management to be 
challenging. In order to dissipate the increase in heat generation, the size of conventional 
microchannel heat sinks had to be increased. As a result, the performance of these high heat 
flux generating electronics was often limited by the available cooling technology and space 
to accommodate the larger conventional microchannel heat sink. One way to enhance heat 
transfer from electronics without sacrificing their performance was the use of heat sink with 
many microchannels and liquid passing through it recently, the microchannel heat sink have 
been widely used to transfer heat from the microprocessors in the computer industry. As the 
heat flux increases, the thin film evaporation occurring in the evaporator plays a key role in 
a heat transfer. It had been shown that most of the heat input to the evaporator of the 
microchannel heat sink was transferred through the evaporating thin film region. A better 
understanding of heat transfer characteristics in the evaporating thin film region will lead to 
develop new equation in the thin film region and enhancing the evaporating heat transfer in 
the heat pipe. An analytical model describing thin film evaporation was developed including 
the thin film interface and disjoining pressure. A mathematical equation was then developed 
to investigate the effect of heat flux on film thickness in the thin film evaporation region. 
Results are provided for liquid film thickness, total heat flux, and evaporating heat flux 
distribution. In addition to the sample calculations that were used to illustrate the transport 
characteristics. The calculated results from the current model match closely with those of 
analytical results of Wang et al. (2008) and Wayner jr. et al. (1976). This work will lead to 
a better understanding of heat transfer and fluid flow occurring in the evaporating film 
region and develop an analytical equation for evaporating liquid film thickness.numerical 
analysis and experimental tests to predict the heat transfer and chf are the focus of this work. 
The experimental test section had three microchannels with having of 30 mm x 25.4 mm x 
53.34 mm in size. The effect of flow instabilities in microchannels was investigated of each 
microchannel to stabilize the water flow boiling process. Water flow boiling was 
investigated in this study using degassed, deionized water in an aluminum, copper and a 
graphene rectangular microchannel with a hydraulic diameter of 540 µm and 426 µm for Re 
650-3000. The power input was adjusted for constant heat flux (630-520) kw/m2 for each 
flow rate. High speed images were taken periodically for water flow boiling. The change in 
regime timing revealed the effect of deposition on the onset of nucleate boiling (ONB) cycle 
duration and bubble frequencies are reported for different flow boiling durations. The 
addition bubble formation was found to stabilize bubble nucleation and growth and limit the 
recession rate of the upstream and downstream interfaces, mitigating the spreading of dry 







Kemajuan mikropemproses dan alat elektronik berkuasa tinggi telah meningkan 
pembebasan haba daripada peranti-peranti yang menggunakannya. Disamping itu, fungsi 
mikropemproses bagi setiap keluasan unit juga bertambah demi mengurangkan kos. 
Peningkatan yang berlaku disebabkan oleh pengurangan saiz cip ini memberi cabaran 
untuk menguruskan haba yang dilepaskan. Saiz sinki haba saluran mikro konvensional 
perlu diperbesarkan untuk membebaskan pertambahan haba yang dijana. Fluks haba tinggi 
yang dijana oleh alatan elektronik ini memberi kesan terhadap prestasi disebabkan oleh 
teknologi penyejukan dan ruang untuk memuatkan sinki haba saluran mikro konvensional 
sedia ada yang terlalu terhad. Satu kaedah untuk memperbaiki pemindahan haba daripada 
alatan elektronik tanpa perlu mengorbankan prestasinya adalah dengan penggunaan sinki 
haba yang mempunyai banyak saluran mikro serta mengalirkan cecair padanya. Sejak itu, 
sinki haba saluran mikro digunakan secara meluas untuk memindahkan haba 
mikropemproses dalam industri komputer. Disebabkan oleh fluks haba meningkat, 
pengewapan lapisan nipis yang berlaku di dalam penyejatan memainkan peranan penting 
dalam pemindahan haba. Ini telah dibuktikan bahawa kebanyakan input haba sejatan yang 
berlaku pada sinki haba saluran mikro dipindahkan ke kawasan lapisan nipis penyejatan. 
Memahami tentang ciri pemindahan haba yang lebih baik dalam kawasan lapisan nipis 
sejatan dapat menghasilkan persamaan baru untuknya dan meningkatkan sejatan haba 
yang dipindahkan di dalam paip haba. Model analisis yang menerangkan tentang lapisan 
nipis sejatan telah dibangunkan dan permukaan lapisan nipis serta tekanan tak searas turut 
dihuraikan. Satu persamaan matematik dilakukan untuk menyiasat tentang kesan fluks haba 
pada ketebalan lapisan dalam kawasan lapisan nipis sejatan. Hasilnya adalah termasuk 
ketebalan lapisan cecair, jumlah fluks haba, dan penyebaran fluks haba yang tersejat. Ini 
adalah tambahan kepada contoh pengiraan yang digunakan untuk menggambarkan ciri 
pengangkutannya. Hasil kiraan daripada model terbaru hampir sama dengan keputusan 
analisis oleh Wang et al. (2008) dan Wayner jr. et al. (1976). Usaha ini memberi 
pemahaman yang lebih baik tentang pemindahan haba dan aliran cecair yang berlaku 
dalam kawasan lapisan sejatan serta menghasilkan persamaan analisis ketebalan lapisan 
cecair yang tersejat. Analisis berangka dan ujian eksperimen pada pemindahan haba dan 
chf adalah fokus kerja ini. Bahagian ujian eksperimen mengandungi tiga saluran mikro 
dengan saiz 30 mm x 25.4 mm x 53.34 mm. Kesan aliran yang tidak stabil dalam saluran 
mikro diselidik untuk mengesan proses didihan aliran air yang stabil. Dalam ujikaji ini, 
didihan aliran air dikaji dengan menggunakan air terion dan dinyahgas di dalam saluran 
mikro bersegi empat daripada aluminum, tembaga dan grafen berserta hidraulik 
berdiameter 540 µm dan 426 µm untuk Re 650-3000. Input tenaga diselaraskan untuk fluks 
haba yang sama (630-520) kw/m2 bagi setiap kadar aliran. Imej berkelajuan tinggi diambil 
dari semasa ke semasa untuk didihan aliran air. Perubahan terhadap masa menerangkan 
kesan pemendapan pada permulaan tempoh kitaran nukleat didihan (ONB) dan frekuensi 







I would like to take this opportunity to express my sincere acknowledgement to my 
supervisors Dr. Mohd Yusoff Bin Sulaiman and Profesor Dr. Md Razali Bin Ayob from the 
Faculty of Mechanical Engineering Universiti Teknikal Malaysia Melaka (UTeM) for their 













                                                       TABLE OF CONTENT                                     PAGE 
DECLARATION                                                                                           
APPROVAL                                                                                                   




TABLE OF CONTENET iv 
LIST OF TABLES vii 
LIST OF FIGURES viii 
LIST OF APPENDEX xviii 
LIST OF SYMPOLES xix 
LIST OF PHOTOGRAPHS xxiii 
LIST OF PUBLICATIONS xxiv 
 
CHAPTER 
1.       INTRODUCTION 1 
1.1      Overview 1 
1.2      Research background 5 
1.3      Hypothesis and motivation 8 
1.4      Objectives of research 11 
1.5      Scope of the work 11 
1.6      Thesis organization 12 
2.      LITERATURE REVIEW 13 
2.1      Overview 13 
2.2      Single-phase micro-channels 13 
2.3      Pressure drop 22 
2.4      Thermal properties of graphene 23 
2.5      Single-phase pressure drop 23 
2.6      Two-phase pressure drop 25 
2.7      Boiling in micro-channels 30 
2.8      Phase change phenomena in the meniscus 31 
2.9      Evaporation models 34 
          2.9.1    Slug-annular flow model 34 
          2.9.2     Homogeneous model -slug flow without liquid film 36 
2.10   Two-phase flow patterns 37 
          2.10.1      Flow patterns in micro-channels 37 
          2.10.2       Flow patterns in micro and mini-channels 40 
          2.10.3       Flow regime transition 49 
2.11   Onset of nucleate boiling (ONB) 56 
2.12   Bubble departure diameter 60 
2.13   Bubble departure frequency 61 
2.14   Forced convection flow boiling numerical simulation method 63 
          2.14.1      Governing equations 63 
2.15   Numerical method 64 
          2.15.1     Finite volume method (FVM) 64 
v 
2.16   Two-phase flow instabilities 75 
          2.16.1   Static and dynamic flow instabilities 75 
          2.16.2   Static instabilities 76 
          2.16.3   Dynamic instabilities 77 
          2.16.4   Microchannel forced convection flow boiling instabilities 78 
          2.17       Chapter summery 84 
3.      THEORETICAL ANALYSIS 85 
3.1      Overview 85 
3.2      Theoretical analysis 87 
          3.2.1     Analytical solution 97 
          3.2.2     Numerical solution 101 
3.3      Results and discussion 101 
          3.3.1     Comparison of analytical solution and full model 101 
          3.3.2     Comparison of analytic equation for 𝛿 with previous studies 103 
          3.3.3  Distribution of evaporative film thickness 105 
3.4      Chapter summary 117 
4.      NUMERICAL SIMULATION OF  SINGLE-PHASE 119 
4.1         Overview 119 
4.2        Mathematical formulation 119 
4.3         Full 3d conjugate heat transfer model 122 
4.4         Results and discussion 124 
4.5         Chapter summary 137 
5.      NUMERICAL SIMULATION OF TWO PHASE FLOW 138 
5.1        Overview 138 
5.2        Problem formation and description 139 
5.3        Numerical simulation 141 
5.4        Results and discussion 144 
            5.4.1    Onset of nucleate boiling 144 
            5.4.2    Effects of channel height 149 
            5.4.3    Bubble coalescence and departure 150 
            5.4.4    Two-phase flow patterns 154 
            5.5       Chapter summary 158 
6.      TWO-PHASE FLOW INSTABILITIES 159 
6.1       Overview 159 
6.2       Problem descriptions 160 
6.3       Computational model 165 
            6.4.1   Flow boiling patterns 169 
            6.4.2   Wall temperature fluctuations 174 
            6.4.3   Pressure fluctuations 182 
            6.4.4   Stability map 188 
6.5       Chapter summary 190 
 
vi 
7.      EXPERIMENTAL WORK 191 
7.1      Overview 191 
7.2       Experimental setup 191 
           7.2.1    Flow loop system 194 
           7.2.2    Microchannel evaluation parts 194 
           7.2.3    Visual image system 195 
           7.2.4    Data acquisition system 196 
7.3      Experimental processes 198 
           7.3.1    Single-phase flow tests 198 
           7.3.2    Two phase flow boiling tests 199 
           7.3.3    Procedures of heat loss measurement 200 
7.4      Calibration 201 
7.5      Data reduction 201 
          7.5.1    Single phase reduction of data 201 
          7.5.2    Flow boiling data reduction 205 
7.6     Single-phase flow experimental results 209 
          7.6.1    Pressure drop 209 
          7.6.2    Walls and fluid temperature distributions 213 
7.7     Two phase flow experimental results 217 
          7.7.1    Effect of microchannel dimensions on flow patterns 217 
7.8      Effect of heat flux on flow patterns 221 
7.9     Effect of mass flux on flow patterns 225 
7.10   Effect of hydraulic diameter (Dh) the local  
          heating transfer coefficient 229 
7.11   Effect of heat flux on localized heat transfer coefficient 230 
7.12   Error between numerical and experimental results 233 
7.13  Chapter summary 235 
8.      CONCLUSIONS AND RECOMMENDATIONS 237 
8.1   Conclusions 237 













LIST OF TABLES 
 
 
TABLE                                                                 TITLE                                                                       PAGE 
2.1      Empirical parameter c in lockhart-martinelli correlation (Chisholm, 1983) 26 
2.2      Classification of channel dimensions (Kandlikar and Grande, 2003) 44 
3.1      Liquid properties and operating conditions 102 
3.2      Comparison of previous studies on evaporating extended meniscus. 104 
4.1      Dimensions of all the simulated micro-channel cases 120 
4.2      Results from the grid independent study 125 
4.3      Numerical validation of the thermal resistances using both experimental  
           data (Tuckerman, 1984) and numerical data (Toh et al., 2002). 125 
5.1      Thermo physical properties of working fluid and heat sinks used in  
           computational simulation 141 
6.1      Dimensions of all the simulated micro-channel cases 165 
6.2      All cases 168 








LIST OF FIGURES 
 
 
FIGURE                                                             TITLE                                                                       PAGE 
1.1      Micro-channel heat sinks 7 
1.2      Heat transfer coefficient variations for different flow phases of  
           two-phase forced convection for different coolants (mudawar, 2000). 7 
1.3      Vapour reverse flow occurring in parallel micro-channels 8 
2.1      Schematic representation of the experiments employed by researchers for 
           pressure drop measurements in microchannels  
           (steinke and kandlikar, 2005). 19 
2.2      Comparison of the axial conduction model by lin and kandlikar (2012a) 
          with the experimental data of (tiselj et al., 2004) for water flow in 160 μm  
         diameter triangular silicon micro-channels. Source: adapted from Lin and  
         Kandlikar (2012a). 22 
2.3      Flow regions through a liquid thin film in a micro-channel 32 
2.4      Interline junction of vapour, adsorbed evaporating liquid thin film and non- 
           evaporating adsorbed liquid film (Wayner et al., 1976) 33 
2.5      Physical geometry of a slug flow model (Qu et al. 2006). 35 
2.6      Slug-annular flow model with a homogeneous core [homogeneous model]. 36 
ix 
2.7      Schematic representations of flow regimes observed in horizontal,  
          co-current gas liquid flow (carey and phenomena, 1992). 40 
2.8      General classification of flow patterns. The main transitional patterns,  
           churn and taylor–annular, are represented, whereas the others are assigned  
           to the main patterns that they are morphologically close to  
           Shao et al. (2009). 42 
2.9      Flow patterns in small parallel rectangular channels 46 
2.10    Two-phase flow patterns and transitions of flow boiling in microchannels: 
           a) bubbly flow, b) bubbly/slug flow, c) slug flow, d) slug/semi-annular 
           flow, e) semi-annular flow, f) wavy annular flow and g) smooth annular  
           flow (Revellin et al., 2006). 48 
2.11    Classification of flow patterns in rectangular micro-channels  
           (Choi et al., 2011). 49 
2.12    New adiabatic coalescing bubble map for evaporating flow in circular  
           microchannels (revellin et al., 2006) 55 
2.13    Growth, bubble nucleation ebullition process and departure from heated  
           surface at an active cavity site. 57 
2.14    Bubble release frequency with the waiting time and growth time. 61 
2.15    Control volume of governing equations discretized 64 
2.16    Two-phase cell with an immersed phase interface. 70 
2.17.   Measurement of the contact angle near a heated wall (Fluent, 2005). 70 
2.18    Liquid-vapor interface using a volume fraction in each cell. a) actual  
           interface shape. b) interface shape represented by the geometric reinstruction  
           scheme using piecewise-linear interpolation 71 
x 
2.19    Calculations of volume flux through the computational face  
           (Welch and Wilson, 2000). 71 
3.1      Schematic of an evaporating thin film 88 
3.2      Comparison of total heat transfer rate through thin film region with  
            Schonberg and Wayner (1992) and Wang et al. (2008c) 103 
3.3      Dimensionless evaporative film thickness profile 106 
3.4      Dimensionless evaporative film thickness profile at a superheat of 0.5 k 106 
3.5      Dimensionless evaporative film thickness profile at a superheat of 1 k 107 
3.6      Dimensionless evaporative film thickness profile at a superheat of 2 k 107 
3.7      Dimensionless evaporative film thickness profile at a superheat of 5 k 108 
3.8      Dimensionless evaporative film thickness profile at a superheat of 10 k 108 
3.9      Dimensionless heat flux profile at a superheat of 0.3 k 109 
3.10    Dimensionless heat flux profile at a superheat of 0.7 k 110 
3.11    Dimensionless heat flux profile at a superheat of 1 k 110 
3.12    Dimensionless heat flux profile at a superheat of 2 k 111 
3.13    Dimensionless heat flux profile at a superheat of 5 k 111 
3.14    Dimensionless heat flux profile at a superheat of 10 k 112 
3.15    Dimensionless heat flux profile at a β=0 nm 113 
3.16    Dimensionless heat flux profile at a β=0.5 nm 113 
3.17    Dimensionless heat flux profile at a β=1 nm 114 
3.18    Dimensionless heat flux profile at a β=3 nm 114 
3.19    Dimensionless evaporative film thickness profile at a β=0 nm 115 
3.20    Dimensionless evaporative film thickness profile at a β=0.5 nm 116 
3.21    Dimensionless evaporative film thickness profile at a β=1 nm 116 
3.22    Dimensionless evaporative film thickness profile at a β=3 nm 117 
xi 
3.23    Flow chart flow for theoretical solution 118 
4.1      A schematic model of micro- channel heat sink 121 
4.2      Temperature distribution for case 1 at heat sink base (using graphene)  
           for different fluid flow rates at q'' = 181 W/cm2 126 
4.3      Temperature distribution for case 3 at heat sink base (using graphene)  
            for different heat fluxes at Q = 6.5 cm3/s 127 
4.4      Temperature distribution for case 3 at heat sink base (using graphene)  
           for different heat fluxes at Q = 8.6 cm3/s 128 
4.5      Temperature distribution for case 2 in the fluid (using graphene) at 
            Q = 8.6 cm3/s 129 
4.6      Thermal resistance for case 1 at different volume flow rates at   
            q'' = 790Wcm2 130 
4.7      Thermal resistance for case 2 at different volume flow rates and   
            q'' = 277 W/cm2 130 
4.8      Thermal resistance for case 3 at different volume flow rates and   
           q'' = 181 W/cm2 131 
4.9      Thermal resistance for silicon at different volume flow rates and   
            q'' = 181 W/cm2 132 
4.10    Thermal resistance for graphene at different volume flow rates and   
           q'' = 181Wcm2 133 
4.11    Thermal resistance for aluminum at different volume flow rates and   
            q'' = 181 W/cm2 133 
4.12    Thermal resistance for silicon at different volume flow rates and   
           q'' = 277 W/cm2 134 
xii 
4.13    Thermal resistance for graphene at different volume flow rates and   
           q'' = 790 W/cm2 135 
4.14    Temperature contours for case 1 using    a. Silicon, b. Aluminum and  
           c. Graphene at q'' = 790 W/cm2 and Q = 4.7 cm3/s 135 
4.15    Temperature contours for case 1 using   aluminum at  
           q'' = (a: 181 b: 277 c: 790)  W/cm2 and Q = 4.7 cm3/s 136 
4.16    Temperature contours for case 1 using graphene at  
           q'' = (a: 181 b: 277 c: 790)  W/cm2 and Q = 4.7 cm3/s 136 
5.1      Model of the flow boiling in microchannels 140 
5.2     Wall temperature profiles at incipient boiling (h=1 mm). 146 
5.3     Wall temperature profiles at incipient boiling (hch=0.710 mm). 146 
5.4     Effects of fluid velocity on wall temperature profile during incipient boiling  
          at Hch = 0.5 mm. 148 
5.5     Effects of heat flux on wall temperature profile during incipient boiling for  
          Hch =0.25 mm. 149 
5.6     VOF onset of nucleate boiling on a heated surface for Hch = 1mm for  
          V=0.5136 m/s. a) at t = 45.05 ms b) at t = 47 ms 151 
5.7      Procedure of bubble departure in a microchannel with hch = 0.71 mm  152 
5.8      Procedure of bubble departure in a microchannel with hch = 0.5 mm 153 
5.9      Procedure of bubble departure in a microchannel with hch = 0.25 mm at  
           q’’= 500 w/cm2, v=0.6933m/s for different simulation times. a) t0 + 0ms, 
           b) t0+ 49 ms, c) t0 + 49.5 ms, d) t0 + 49.7 ms 154 
5.10    Two-phase flow in 1000 μm height microchannel 155 
5.11    Two-phase flow in 30 mm height microchannel 156 
5.12    Two-phase flow pattern (wu and cheng, 2003b) 157 
xiii 
6.1      Ledinegg instability based on pressure difference and mass flow rate  
          (Ledinegg, 1938). 161 
6.2      A schematic model of micro-channel heat sink 162 
6.3      Dimensions of a two-dimensional microchannel. 162 
6.4      Symmetric flow channel geometry used in a computational simulation. 164 
6.5      Grid system of a three-dimensional cfd model 167 
6.6      Flow patterns in the rectangular  microchannel for case 1. a) bubbly flow at  
           t = 49 ms, b) experimental c) transition from bubbly flow to slug flow at  
            t = 80 ms,d)experimental, e) elongated slug flow at t = 96 ms,f) experimental, 
            g) periodic flow boiling ,h)experimental , i) periodic flow boiling at  
            t=716 ms and j) experimental . 171 
6.7      Flow patterns in the microchannel for case 2. a) bubblyflow at t = 55 ms,  
           b) isolated bubble (experimental), c) bubbly-elongated transition at  
           t = 60 ms, d) bubble coalescence (experimental), e) elongated slug flow at  
           t = 110 ms, f) elongated bubble (experimental) 172 
6.8      Flow patterns in the microchannel for case 2. a) bubblyflow at  
           t = 50 ms, b) isolated bubble (experimental), c) bubbly-elongated transition  
           at t = 82.224 ms, d) bubble coalescence (experimental), e) elongated slug  
           flow at t = 100.75 ms, f) elongated bubble (experimental) 173 
6.9      Wall temperature fluctuations with small amplitude and short-period  
            oscillation and flow patterns for case 1. A) current result, b) experimental  
            investigation ,c) bubbly flow at t = 49 ms , d) bubbly-elongated transition  
            at t = 80 ms , e) elongated slug flow at t = 96 ms , f) experimental  
            investigation by Qu and Mudawar (2004) 175 
xiv 
6.10    Wall temperature fluctuations with large amplitude and short-period  
           oscillation and flow patterns for case 2. A) wall temperature fluctuations,  
           b) isolated bubbly flow at t = 55 ms, c) transition from bubbly flow to slug  
           flow at t = 60 ms, and d) elongated slug flow at t = 110 ms. 177 
6.11    Wall temperature fluctuations with large amplitude and 178 
6.12    Tc1-Tc4 for different materials for 0.371x1 mm microchannel , 
           heat flux= 450 kw/m2 and mass flow rate=2.04x10-5 kg/s. 179 
6.13    Wall temperature fluctuations on tc1-tc4 for heat flux= 404 kw/m2 and  
           mass flow rate=5x10-5 kg/s 180 
6.14    Wall temperature fluctuations on tc1-tc4 for heat flux= 450 kw/m2 and  
           mass flow rate=2.04x10-5 kg/s 181 
6.15    Wall temperature fluctuations  on tc1-tc4 for heat flux= 496.4 kw/m2 and  
           mass flow rate=1.05x10-5 kg/s 182 
6.16    Inlet and outlet pressure fluctuations with small amplitude and short-period   
           oscillation for case 1. A) inlet pressure oscillations,  
           b) outlet pressure oscillation 183 
6.17    Inlet pressure fluctuations with large amplitude and short-period  
           oscillation for case 2. a) inlet pressure oscillations,  
           b) outlet pressure oscillation 184 
6.18    Inlet pressure fluctuations with large amplitude and short-period  
           oscillation for case 3. a) inlet pressure oscillations,  
           b) outlet pressure oscillation. 185 
6.19    Inlet pressure fluctuations for different materials for 0.371x1 mm  
           microchannel, heat flux= 450 kw/m2 and mass flow rate=2.04x10-5 kg/s.  
           a) inlet pressure oscillations, b) outlet pressure oscillation 186 
xv 
6.20    Inlet pressure fluctuations for different microchannels for  
           heat flux= 450 kw/m2 and mass flow rate=5x10-5 kg/s 186 
6.21    Inlet pressure fluctuations for different microchannels for  
           heat flux= 450 kw/m2 and mass flow rate=2.04x10-5 kg/s 187 
6.22    Inlet pressure fluctuations for different microchannels for  
           heat flux= 496 kw/m2 and mass flow rate=1.05x10-5 kg/s 187 
6.23    Stability map in subcooling number versus phase change number 189 
7.1      Schematic diagram of the test rig. 193 
7.2      Photograph of experimental facility 193 
7.3      Evaluation section illustrating its major parts: 1-cover plate; 2-housing;  
           3-heat sink;4-insulating layers;5-insulating block; 6-support plate; 195 
7.4      Visualization system 196 
7.5      Data acquisition system 197 
7.6      Experimental friction elements for fully developed flows 210 
7.7      Experimental friction elements for fully created flows 211 
7.8      Experimental friction elements for fully created flows 211 
7.9      Effect of hydraulic size on channel pressure droplets. 213 
7.10    Temperature distribution of channel wall in a single-phase flow for  
           the (0.37x1) mm channel at a heat flux of 450 kw/m². 214 
7.11    Temperature distribution of channel wall in single-phase flow for  
           the (0.27x1) mm channel at a heat flux of 450 kw/m². 214 
7.12    Temperature distribution channel wall in single-phase circulation for the  
           (0.27x0.71) mm channel at a heat flux of 450 kw/m². 215 
7.13    Temperature distribution of channel wall in single-phase circulation for  
           the different channel at a heat flux of 325 kw/m² and re=650. 215 
xvi 
7.14    Deviation of nusselt number with reynolds numbers at constant 216 
7.15    Flow patterns observed in the (0.271x0.710 )mm channel at mass 218 
7.16    Flow patterns noticed in the (0.271x0.710 ) mm channel at mass flow 220 
7.17    Flow pattern noticed in the (0.37x1) mm channel at size flow 221 
7.18    Effect of heat flux on the flow pattern in (0.27x0.71) mm microchannel  
           at a nominal mass flow of 1.8 ml/s, inlet temperature of 29ºc 223 
7.19    Effect of heat flux on the flow pattern in (0.27x1) 224 
7.20    Effect of heat flux on the flow pattern in (0.37x1) mm microchannel at  
           a nominal mass flow of 1.8 ml/s, inlet temperature of 29ºc 225 
7.21    Effect of mass flux on flow pattern at q’’=186 kw/m2 heat flux 227 
7.22    Effect of mass flux on flow pattern at q’’=685 kw/m2 heat flux 228 
7.23    Effect of hydraulic diameter and local thermodynamic quality on the  
           local heat transfer coefficient for the three test sections at a nominal  
           mass flux of 512 kg/m²s, and heat flux 590 kw/m2 229 
7.24    Effect of heat flux and local thermodynamic quality on the local 231 
7.25    Effect of heat flux and local thermodynamic quality on the local 232 
7.26    Effect of heat flux and local thermodynamic quality on the local 233 
7.27    Error on numerical and experimental for  local thermodynamic quality  
           on the local heat transfer coefficient for the 0.27x0.71 mm microchannel 
           at a nominal mass flux of 512 kg/m²s 234 
7.28    Temperature distribution error of channel wall in single-phase circulation  








LIST OF APPENDICES  
 
 
APPENDIX                                                 TITLE                                                    PAGE 
 
A                                                                 Photography                                                     272 




















LIST OF SYMBOLS 
 
 
A     -   Total surface area of micro-channel   (m2) 
Ac    -   Area of cross‐section of micro-channel    (m2) 
Cp    -   Specific heat   capacity (J/kg K) 
D     -   Diameter   (m)  
Dh    -   Hydraulic diameter   (m) 
H     -    Height of channel     (m) 
h      -   Convective heat transfer coefficient  
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L      -   Heat sink length (m) 
P     - Total pressure (Pa) 
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Rth   - Thermal resistance (K/W) 
T      - Temperature (K) 
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w     - Fluid z-component velocity (m/s) 
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x     - Axial coordinate 
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z      - Horizontal coordinate 
ΔP   - Pressure drop (Pa) 
P     - Pressure 
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A     -    Dispersion constant ( J ) 
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em   -   Interface net evaporative mass transfer ( kg/(m2 s) ) 
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1 2-p p p   (N/m) 
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    -  Dimensionless heat flux  
